Saxagliptin is a potent, selective, reversible dipeptidyl peptidase 4 (DPP4) inhibitor specifically designed for extended inhibition of the DPP4 enzyme and is currently under development for the treatment of type-2 diabetes. The pharmacokinetics of saxagliptin were evaluated in rats, dogs, and monkeys and used to predict its human pharmacokinetics. Saxagliptin was rapidly absorbed and had good bioavailability (50-75%) in the species tested. The plasma clearance of saxagliptin was higher in rats (115 ml/min/kg) than in dogs (9.3 ml/min/kg) and monkeys (14.5 ml/min/kg) and was predicted to be low to moderate in humans. The plasma elimination half-life was between 2.1 and 4.4 h in rats, dogs, and monkeys, and both metabolism and renal excretion contributed to the overall elimination. The primary metabolic clearance pathway involved the formation of a significant circulating, pharmacologically active hydroxylated metabolite, M2. The volume of distribution values observed in rats, dogs, and monkeys (1.3-5.2 l/kg) and predicted for humans (2.7 l/kg) were greater than those for total body water, indicating extravascular distribution. The in vitro serum protein binding was low (<30%) in rats, dogs, monkeys, and humans. After intra-arterial administration of saxagliptin to Sprague-Dawley and Zucker diabetic fatty rats, higher levels of saxagliptin and M2 were observed in the intestine (a proposed major site of drug action) relative to that in plasma. Saxagliptin has prolonged pharmacodynamic properties relative to its plasma pharmacokinetic profile, presumably due to additional contributions from M2, distribution of saxagliptin and M2 to the intestinal tissue, and prolonged dissociation of both saxagliptin and M2 from DPP4.
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The inhibition of dipeptidyl peptidase 4 (DPP4) is a novel and promising treatment for type 2 diabetes. DPP4 is a proline-specific serine protease enzyme that is known to rapidly degrade the incretin hormones gastric inhibitory polypeptide and glucagon-like peptide-1. Incretins are essential for regulating both fasting and postprandial plasma glucose by stimulating insulin secretion, supporting ␤-cell mass, and inhibiting glucagon production by the ␣-cells to reduce glucose production by the liver (Barnett, 2006; Deacon et al., 2008) . DPP4 inhibitors augment glucose homeostasis by preventing the degradation of these incretins (Deacon et al., 2008) . Clinical trials of DPP4 inhibitors have demonstrated significant glycemic efficacy with a low risk of hypoglycemia, a neutral effect on body weight, and the potential, based on animal and in vitro studies, for preservation or enhancement of ␤-cell function (Barnett, 2006; Amori et al., 2007; Drucker, 2007; Raz et. al., 2008) .
Saxagliptin, also known as BMS-477118 ( Fig. 1) , is a potent and selective inhibitor of DPP4 with an inhibition constant (K i ) value of 1.3 nM and is currently under development for the treatment of type 2 diabetes (Augeri et al., 2005; Metzler et al., 2008; Rosenstock et al., 2008) . Saxagliptin was designed to provide high potency and selectivity and extended inhibition of DPP4. It has been shown to significantly reduce DPP4 activity in healthy human subjects and lower plasma glucose in patients with type 2 diabetes mellitus (Rosenstock et al., 2008) . The pharmacokinetics of saxagliptin were evaluated in rats, dogs, and monkeys to support compound selection and pharmacodynamic and preclinical toxicology studies. Tissue distribution of saxagliptin and its major, pharmacologically active metabolite, M2 (BMS-510849) , that is also a potent, selective, reversible DPP4 inhibitor (K i of 2.6 nM against DPP4) ( Fig. 1 ) in Sprague-Dawley (SD) rats and Zucker diabetic fatty (ZDF) rats after intra-arterial administration was also evaluated to begin to assess how tissue concentrations are related to efficacy endpoints including plasma DPP4 inhibition. Important human pharmacokinetic parameters were also predicted based on the preclinical in vivo pharmacokinetic data using in vivo scaling methodologies and compared with actual clinical data. cis-4,5-methanoprolinenitrile] were synthesized by the Discovery and Process Chemistry Departments of Bristol-Myers Squibb (Princeton, NJ). All the other reagents and chemicals were purchased and were reagent grade.
Materials and Methods

Chemicals and Reagents. Saxagliptin [(S)-3-hydroxyadamantylglycine-Lcis-4,5-methanoprolinenitrile] and M2 [(S)-3,5-dihydroxyadamantylglycine-L-
Serum Protein Binding. The extent of serum protein binding of saxagliptin and M2 was determined by equilibrium dialysis using a Dianorm dialysis system (Harvard Bioscience, Holliston, MA) and Diachema dialysis membranes (mol. wt. cutoff, 12,000) at relevant toxicological and clinical concentrations. The pooled serum was purchased from Bioreclamation, Inc. (Hicksvile, NY). Before the experiments, the dialysis membranes were preconditioned with deionized water and subsequently with 0.133 M sodium phosphate buffer (pH 7.4). Serum from different species containing 100 ng/ml (human and monkey), 5000 ng/ml (dog and rat), and 25,000 ng/ml (mouse) of saxagliptin or M2 was added to one side of the cell, and an equal volume of buffer (0.133 M sodium phosphate buffer, pH 7.4) was added to the opposite side of the cell. Equilibrium was achieved by rotating the cells at 3 to 5 rpm at 37°C for 4 h. After incubation, samples from the serum and the buffer sides were collected separately and mixed with an equal volume of the opposite matrix. Human, monkey, dog, and rat samples were further diluted 10-fold and mouse samples 100-fold with mixed matrix (50% buffer-50% mixed serum from all five species at equal volume). The concentrations of saxagliptin and M2 in the samples were determined using a liquid chromatography/tandem mass spectrometry (LC-MS/MS) method.
Animal Studies. All procedures involving animals used in this study were consistent with the guidelines set by the National Institute of Health (National Institutes of Health Publication 85-23, revised in 1985) and approved by Bristol-Myers Squibb Institutional Animal Care and Use Committee. In all animal studies described below, saxagliptin was administered in solution in 100% water unless otherwise noted. The anticoagulant used for the preparation of plasma was either heparin or EDTA. The blood samples were centrifuged to obtain plasma, and the plasma samples were frozen at Ϫ20°C until analysis. Plasma, urine, bile, and tissue samples collected in these studies were analyzed for the concentrations of saxagliptin and M2 by LC-MS/MS as described below.
Pharmacokinetic studies. Male rats (SD, 0.26 -0.30 kg, n ϭ 2 per route) received a single intravenous bolus or oral dose of saxagliptin, after an overnight fast (approximately 10 h) in a parallel study design. The intravenous and oral doses were 10.0 and 8.0 mg/kg, respectively, and the animals were fed 4 h after dosing. Serial blood samples were collected at 0. 03 (i.v. only), 0.17, 0.33, 0.67, 1, 1.5, 2, 4, 6, 8 , and 10 h postdose. Urine samples were also collected over 10 h postdose.
To further evaluate exposure-dose relationship over a wide dose range, the compound was administered orally as a suspension in 1.25% aqueous Avicel to three groups of 10 male SD rats at doses of 2, 20, and 200 mg/kg. Blood samples were obtained from the tail at 0.5 and 4 h for the first group (n ϭ 3), 1 and 8 h for the second group (n ϭ 3), and 2 and 24 h for the third group (n ϭ 4) of animals at each dose level; plasma was harvested as described above and analyzed for saxagliptin.
Male beagles (13.5-15.5 kg, n ϭ 2 per route) received a single i.v. (10-min infusion) or oral dose of saxagliptin after an overnight fast (approximately 10 h) in a crossover study design, with a 1-week washout period between dosing. The intravenous and oral doses were 5.9 and 5.2 mg/kg, respectively, and the animals were fed 4 h after dosing. After intravenous and oral dosing, serial blood samples were collected via the jugular vein at predose and at 0. 17, 0.33, 0.67, 1, 2, 4, 6, 8 , and 24 h. Urine samples were collected over 24 h postdose.
Systemic exposures of saxagliptin and M2 after oral administration of saxagliptin to male dogs were also determined as part of the toxicokinetic studies. In these studies, gelatin capsules were filled with saxagliptin in 1.25% Avicel and administered orally to groups of dogs (n ϭ 3 per dose) at 1, 5, and 25 mg/kg, and the animals were fed 8 h after dosing. Blood samples were obtained from the external jugular vein at 0.5, 1, 2, 4, 8, and 24 h postdose, and plasma was prepared as described above.
Male cynomolgus monkeys (5.9 -8.1 kg; n ϭ 1, i.v. dose and n ϭ 2, oral dose) received a single i.v. (10-min infusion) or oral dose of saxagliptin after an overnight fast (approximately 10 h) in a parallel study design. The intravenous and oral doses were 3.4 mg/kg, and the animals were fed 4 h after dosing. Serial blood samples were collected at predose and at 0.17 (i.v. only), 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 10, and 24 h. Blood samples were collected from the femoral artery. Urine samples were collected over 24h postdose.
Systemic exposures to saxagliptin and M2 after oral administration of saxagliptin to male monkeys were also determined as part of the toxicokinetic studies. In these studies, suspensions of saxagliptin in 1.25% Avicel were administered by oral gavage to monkeys (n ϭ 3 per dose) at 5 and 25 mg/kg, and the animals were fed 8 h after dosing. Blood samples were obtained from the femoral vein at 1, 2, 4, 8, and 24 h postdose, and plasma was prepared as described above.
Bile duct-cannulated rat study. The in vivo disposition of saxagliptin was determined using bile duct-cannulated (BDC) rats. Male SD rats received a single i.v. or oral dose (n ϭ 1 per route, 10 mg/kg) of saxagliptin after an overnight fast. After dosing, bile was collected over 0 to 5 and 5 to 10 h intervals, and urine was collected over the 0 to 10 h interval postdose. All samples were frozen at Ϫ20°C until analysis.
Tissue distribution studies in rats. Male SD and ZDF rats were fasted overnight before dosing and remained fasted during the study. Saxagliptin was administered as a single intra-arterial bolus dose of either 0.1 or 2.5 mg/kg to three rats per dose level per strain. The rats were euthanized 1 h postdose. Blood samples were collected just before euthanasia and processed for plasma. Duodenum, small intestine (minus duodenum), large intestine, kidney, spleen, heart, pancreas, brain, and skeletal muscles were harvested after euthanasia. Each tissue was blotted dry and weighed. Tissues were homogenized after the addition of 3 ml of water per g of tissue. The weight of individual tissue homogenate was recorded, and all homogenates were stored at Ϫ20°C until analysis. Samples were analyzed for the concentrations of saxagliptin and M2 by LC-MS/MS, using separate standard calibration curves for each of the tissues prepared in their respective matrices. The total amount of each compound in each tissue was calculated by multiplying the concentration in each tissue homogenate with the volume of the tissue homogenate. The level of the compounds in a specific tissue was then calculated by dividing the total amount of compound in the tissue with the weight of the tissue. However, because absolute extraction efficiency for each tissue was not determined, saxagliptin and M2 concentrations in each tissue could be underestimated.
Human Pharmacokinetic Study. The clinical pharmacokinetic data for saxagliptin were obtained from the initial single ascending dose (SAD) study in healthy subjects (n ϭ 6 per dose). The compound was administered orally over a wide dose range after a Ն10 h fast. Saxagliptin was administered orally as an aqueous solution for doses less than 5 mg but in dry blend capsule formulations for the 5-mg and higher doses. Blood and urine samples were collected over 48 h after saxagliptin administration. The concentrations of saxagliptin and M2 in plasma and urine samples were determined using validated LC-MS/MS methods.
Analytical Methods. Samples from the pharmacokinetic, BDC rat, tissue distribution, and plasma protein binding studies were analyzed for saxagliptin and M2 using high-performance liquid chromatography and LC-MS/MS meth- ods. In all cases, a high-performance liquid chromatography system equipped with a reverse-phase column was interfaced to a triple quadrupole tandem mass spectrometer with an electrospray interface. Data were acquired via selected reaction monitoring. Ions representing the (M ϩ H) ϩ species for both the analytes and internal standards were selected in MS1 and collisionally dissociated with argon to form specific product ions, which were subsequently monitored by MS2 using reaction monitoring of a transition unique to each of the three compounds. The selected reaction monitoring transitions used for saxagliptin and M2 were 316.2 3 180.1 and 332.2 3 196.1, respectively. Standards were analyzed in duplicate or triplicate to prepare calibration curves for each analyte. The standard calibration curves were fitted with quadratic regressions weighted by reciprocal concentration (1/x). Quality control samples at three concentrations within the range of the calibration curve were also analyzed in duplicate or triplicate with each analytical set. The analytical assay performance was determined based on the predicted quality control concentrations to be within 20% of the nominal concentration, for acceptable assay performance.
Pharmacokinetic Data Analysis. Plasma concentrations versus time data of saxagliptin and M2 were analyzed by noncompartmental methods using the KINETICA software program (version 4.2; InnaPhase Corporation, Philadelphia, PA). The maximum concentration (C max ) and time of C max (t max ) were recorded directly from experimental observations. The area under the curve from time 0 to the last measurable concentration (AUC 0 -t ) and the area under the curve from time 0 to infinity (AUC 0 -ϱ ) were calculated using a combination of linear and log trapezoidal summations. The total body clearance (CL) and the volume of distribution at steady-state (V ss ) were calculated after intravenous administration. The first-order elimination rate constant (k el ) was estimated from the terminal log-linear phase of the concentration-time curve and was identified by best linear fit of at least three data points. The half-life of the terminal log-linear phase was calculated as ln(2)/k el , where k el is the absolute value of the slope of the terminal log-linear phase. The fractions (f e ) of saxagliptin and M2 recovered in bile and urine were calculated as the cumulative amount of unchanged saxagliptin and M2 recovered in each biological fluid divided by the dose of saxagliptin administered. Saxagliptin renal clearance (CLr) values were determined from the total plasma CL and the fraction excreted in urine. The oral bioavailability (expressed as a percentage) was estimated by taking the ratio of dose-normalized AUC values after oral doses of saxagliptin to those after intravenous doses of saxagliptin.
Prediction of Human Pharmacokinetics. In vivo based scaling methods were used to predict various human pharmacokinetics.
Prediction of human clearance and volume of distribution. Simple allometric scaling (Mahmood and Balian, 1996) and species invariant time (SIT) (Dedrick et al., 1970; Boxenbaum and Ronfeld, 1983; Hutchaleelaha et al., 1997; Mahmood and Yuan, 1999) methods were used to predict plasma clearance and volume of distribution values in humans. In the simple allometric scaling method, body weights of the animals were used to allometrically scale total plasma clearance (or renal clearance) values from rats, dogs, and monkeys to humans by using eq. 1, where W is species body weight and a and b are the allometric coefficient and exponent, respectively:
Similarly, allometric scaling was used to estimate human V ss by using body weight of the animal (rat, dog, and monkey) and the corresponding animal steady-state volume of distribution (eq. 2) as follows:
where W is species body weight and a and b are the allometric coefficient and exponent, respectively. The human plasma clearance and volume of distribution were also estimated from the human intravenous pharmacokinetics of saxagliptin predicted with the SIT method. In this approach, the intravenous plasma concentrations (C) obtained from various species (rat, dog, and monkey) were first normalized with respect to dose (milligrams per kilogram). The dose-normalized plasma concentrations (y-axis) and time (t) (x-axis) were then transformed by dividing by the body weight (W) to power functions (c and d) (eqs. 3 and 4) determined by simultaneous fitting of the three species profiles to a two-compartment model using KINETICA software (eq. 5).
where A and B are the intercepts of the y-axis and ␣ and ␤ are the initial and terminal phase elimination rate constants. The human intravenous plasma concentration-time profile was then simulated by applying the best fit of body weight exponents. The intravenous data were then analyzed using a noncompartmental analysis to estimate the human intravenous pharmacokinetic parameters such as clearance and volume of distribution.
Prediction of human oral clearance and bioavailability. The oral bioavailability (F) of saxagliptin in human was estimated from the mean values observed in preclinical species. This human oral bioavailability estimate, in combination with the predicted CL values obtained from the simple allometric and the SIT methods discussed above, were used to predict the human apparent oral clearance (CL/F). The first-order oral absorption rate constant (k a ) in humans was estimated from the mean value of the absorption rate constants obtained from the deconvolution analysis of rat, dog, and monkey pharmacokinetics using the standard KINETICA software. The k a values were calculated from fitting the deconvolution absorption-time profile to a monoexponential function.
Prediction of human oral plasma concentration-time profile. The human intravenous pharmacokinetic profile predicted by the SIT method (vide supra), in combination with the estimates of the extent (human bioavailability value) and rate of absorption (mean absorption rate constant), was used to simulate the oral concentration-time profile in humans using a multicompartment model. Key oral pharmacokinetic parameters (C max , C min , AUC, and t 1/2 ) in humans were then determined with noncompartmental analysis and compared with the actual clinical pharmacokinetic data obtained from the SAD studies.
Results
Pharmacokinetics of Saxagliptin in Rats, Dogs, and Monkeys.
The pharmacokinetic parameters of saxagliptin calculated after single intravenous and oral doses in rats, dogs, and monkeys are summarized in Table 1 . The total plasma clearance of saxagliptin was higher in rats (115 ml/min/kg) than in dogs (9.3 ml/min/kg) and monkeys (14.5 ml/min/kg). The terminal plasma elimination half-lives ranged from 2.1 to 4.4 h in the three species. The steady-state volume of distribu- tion values in dogs, monkeys, and rats were in the range of 1.3 to 5.2 l/kg, higher than those for total body water (0.7 l/kg). The compound was rapidly (t max ϭ 0.7-1.2 h) and well absorbed in rats, dogs, and monkeys with absolute oral bioavailability values of 75, 76, and 51%, respectively. As summarized in Table 2 , the increase in plasma exposure (AUC) to saxagliptin was approximately dose proportional in the dose ranges of 1 to 200 mg/kg (rats), 1 to 25 (dogs), and 5 to 25 mg/kg (monkeys), indicating linear pharmacokinetics. Human Pharmacokinetic Data. Important human pharmacokinetic parameters of saxagliptin and its major metabolite, M2, obtained over a dose range of 2.5 to 50 mg of saxagliptin during the initial SAD study in healthy subjects are summarized in Table 3 . The compound was rapidly absorbed (t max ϳ0.6 -1 h) with the apparent oral plasma elimination half-life of ϳ2 to 2.8 h over this dose range. In addition, approximately dose proportional exposure was obtained over a wide dose range, similar to that obtained in preclinical species.
In Vivo Metabolism and Excretion. After intravenous administration of saxagliptin to intact rats, dogs, and monkeys, respectively, 33, 40, and 60% of the dose was excreted unchanged in urine. Thus, saxagliptin renal clearance values in rats, dogs, and monkeys were 38, 3.7, and 8.7 ml/min/kg, respectively. After a 10 mg/kg i.v. or oral administration of saxagliptin to BDC rats, ϳ2% of the dose was excreted unchanged in bile. M2 (a hydroxy metabolite) was the major metabolite observed, although other minor oxidative metabolites (data not shown) were also observed in the urine and bile samples in rats. No conjugated metabolites were detected in the BDC rat samples (bile, urine, and plasma). M2 was also observed as a circulating metabolite in rats, dogs, and monkeys. After 10 (i.v.) and 8 (oral) mg/kg doses of saxagliptin to rats, the ratio of plasma exposure of M2 to saxagliptin was approximately 20 to 40%. The plasma molar exposure to M2 after oral administration of saxagliptin to dogs (1, 5, and 25 mg/kg) and monkeys (5 and 25 mg/kg), respectively, was ϳ0.4-to 1.3-and ϳ5-to 6-fold of the exposure to saxagliptin (Table  2) . M2 was also the major metabolite observed in human (Table 3) . The plasma molar exposure to M2 was ϳ3-to 7-fold higher than that of saxagliptin in human, and the apparent oral plasma elimination half-life of M2 was approximately 3 to 4 h (Table 3 ). In addition, 7 to 21% and 16 to 51% of the dose was eliminated over 48 h as saxagliptin and M2 (Table 3) , respectively, in the urine of human subjects after oral administration of saxagliptin (2.5-50 mg). Therefore, the major excretion and metabolic pathways observed for saxagliptin in preclinical species are consistent with those observed in human.
Tissue Distribution of Saxagliptin and M2 in SD Rats. The plasma concentration and tissue levels of saxagliptin in SD rats after 0.1 and 2.5 mg/kg i.a. doses of saxagliptin were determined 1 h postdose and are summarized in Table 4 . Saxagliptin distributed into various tissues after 0.1 or 2. 5 mg/kg doses with the tissue concentrations being lowest in brain and highest in the kidney and intestine. For example, the exposure to the intestinal tissues is 10-to 46-fold higher than that in the plasma for saxagliptin.
The distribution of M2 into various tissues of SD rats after a 0.1 and 2.5 mg/kg dose of saxagliptin administration is also summarized in Table 4 . The concentrations of M2 in SD rats after saxagliptin doses were low in the brain and higher in the intestinal tissues relative to the concentrations in plasma.
Tissue Distribution of Saxagliptin and M2 in ZDF Rats. The plasma and tissue concentrations of saxagliptin in ZDF rats after 0.1 or 2.5 mg/kg i.a. doses were determined at 1 h post dose and are summarized in Table 5 . At these doses, concentrations of saxagliptin were lower in brain and higher in kidney, pancreas, or intestinal tissues relative to that observed in plasma. For example, the intestinal tissue/plasma ratio of saxagliptin was as high as 17 in the ZDF rats.
Plasma concentration and tissue distribution data for M2 in ZDF rats after 0.1 and 2.5 mg/kg i.a. doses of saxagliptin are also summarized in Table 5 . After 0.1 or 2.5 mg/kg doses of saxagliptin, the concentrations of M2 were lower in brain and higher in intestinal tissues compared with the concentrations observed in plasma.
Serum Protein Binding. The in vitro protein binding of saxagliptin and its major metabolite, M2, in mouse, rat, dog, monkey, and human sera was determined by equilibrium dialysis. The serum protein binding of saxagliptin was very low in all species tested, with a free fraction of 100% in dog and human and 73, 82, and 80% in mouse, rat, and monkey sera, respectively. The serum protein binding of M2 was also very low in all species tested, with a free fraction of 100% in mouse, rat, dog, and human and 89% in monkey.
Prediction of Human Pharmacokinetic Parameters. Human CL and V ss values predicted for saxagliptin by allometric scaling and SIT methods are summarized in Table 6 . The human plasma CL and V ss values predicted for saxagliptin with simple allometry were 3.4 ml/ min/kg and 0.8 l/kg. The coefficient (a) and exponent (b) of the simple allometric equation used for the estimation of CL were 44.88 and 0.35, respectively, with a correlation coefficient (r 2 ) of 1.00. The exponent (b) of the allometric equation used for the estimation of V ss was 0.66 with a correlation coefficient (r 2 ) of 1.00. To determine human plasma clearance and volume of distribution with the SIT method, prediction of the intravenous plasma concentration-time profile from preclinical data was undertaken. To predict this, the dose (milligrams per kilogram) normalized plasma concentration-time profiles obtained from the preclinical species (rat, dog, and monkey) were first transformed by dividing both dose-normalized concentration and time by the body weights to power functions (c and d) (Fig. 2) that were obtained from the best fit of the profiles of the three species simultaneously to a two-compartment model. For saxagliptin, the weight exponent of the time axis converged to a value of 0.32, whereas the body weight exponent for the y-axis converged to a value of 5 ϫ 10 Ϫ9 , which for all practical purposes is zero (W 0 ϭ 1), therefore resulting in only the need to normalize the concentration by dose (milligrams per kilogram). The human intravenous plasma concentration-time profile was simulated after conversion of the x-axis back to time by multiplying it by 3.89 (ϭ 70 0.32 ), assuming a 70-kg human. Basic pharmacokinetic parameters such as clearance and volume of distribution were then calculated using a noncompartmental analysis. b AUC is the result of the composite data of total of 10 rats; hence S.D. is not given (see Materials and Methods for the details of the study design).
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at ASPET Journals on June 20, 2017 dmd.aspetjournals.org CL/F was also predicted for saxagliptin using the CL values obtained from the two scaling methodologies discussed above and F. The human oral bioavailability value was estimated to be 67% from the average of the absolute bioavailability values observed across preclinical species. The predicted human apparent oral clearance values are summarized in Table 6 and compared with the value calculated from the pharmacokinetic data obtained from the single ascending dose clinical studies. As shown in Table 6 , the predicted human oral clearance value estimated using the systemic CL value obtained from the SIT method was very close to that observed in human. On the other hand, the apparent oral clearance estimated using a CL value from simple allometry was significantly lower than the observed value.
Because the observed urinary elimination of the intact saxagliptin across preclinical species was significant, the renal components of the systemic clearance observed in animal species were allometrically scaled to human to assess the human renal clearance of the compound. This resulted in predicted human renal clearance and apparent oral renal clearance (CLr/F) values of 1.9 and 2.8 ml/min/kg, respectively. The predicted oral renal clearance was very close to the actual human oral renal clearance (CLr/F ϭ 2.5 ml/min/kg) calculated from the total oral CL (discussed above) and the mean urinary recovery of intact saxagliptin (14.8% of total dose) over a dose range of 2.5 to 50 mg (Table 3) .
Relatively similar oral k a values for saxagliptin in rats (0.92 h Ϫ1 ), monkeys (1.25 h Ϫ1 ), and dogs (1.14 h Ϫ1 ) were obtained from deconvolution analyses. Therefore, the human oral absorption kinetics of saxagliptin was simulated using the average k a value (1.11 h Ϫ1 ) observed across these preclinical species.
Prediction of the Human Oral Concentration-Time Profile. The oral pharmacokinetic profile of saxagliptin in human was simulated using a combination of predicted human intravenous pharmacokinetic f e , the fraction of saxagliptin or M2 in urine calculated as the cumulative amount recovered in urine divided by the dose of saxagliptin administered; N.A., not available because of insufficient data at the terminal phase (Ͻbelow lower limit of quantification).
a AUC 0-t : the area under the curve from time zero to the last measurable concentration. dmd.aspetjournals.org data, oral bioavailability, and the mean absorption rate constant. The resulting human projected oral pharmacokinetic profile of saxagliptin for a 1 mg/kg dose is summarized in Fig. 3 and Table 7 and compared with the actual clinical data normalized to 1 mg/kg. As discussed above, the clinical data were obtained from the first-in-human SAD studies, in which saxagliptin showed approximately linear oral pharmacokinetics over a wide dose range (2.5-50 mg). To compare the clinical data to the predicted values at the same dose, the observed pharmacokinetic data at every dose were normalized to a 1 mg/kg dose (for a 70-kg human) and then averaged over the dose range studied. With this approach, the predicted oral plasma AUC, C max , concentration at 12 h postdose (C 12 h ), and oral t 1/2 values directly calculated from the projected oral plasma concentration-time profile were about factors of 1.2-, 1.7-, 1.1-, and 1.0-fold of the actual human observed values, indicating that the prediction accuracy of the important human pharmacokinetic parameters was very good. At 1 mg/kg, the predicted concentration of saxagliptin at 24 h postdose was 2.1 ng/ml. The concentration at 24 h postdose in the actual clinical samples was below the limit of quantification (10 ng/ml) of the LC-MS/MS method used for the analysis of the human plasma samples.
Discussion
Saxagliptin had good oral bioavailability and demonstrated dosedependent increases in exposure over a wide dose range in rats, dogs, and monkeys. In all three species, the compound was well distributed extravascularly as indicated by high volumes of distribution. After intra-arterial administration of saxagliptin to SD and ZDF rats, saxagliptin and M2 concentrations were lowest in the brain and highest in the intestine and kidney. In these studies, the small intestine/plasma ratio for saxagliptin was Ն10-fold in SD rats and Ն6-fold in ZDF rats. For M2, the small intestine/plasma ratio ranged from Ն24-fold in SD rats to Ն28-fold in ZDF rats. This increased intestinal exposure is due to extravascular distribution and not contamination from gut contents. Saxagliptin was cleared rapidly in rats and at a low to moderate rates in dogs and monkeys. Biliary excretion in rats was a minor route of 
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at ASPET Journals on June 20, 2017 dmd.aspetjournals.org elimination. Between 33 and 60% of the dose was excreted unchanged in rat, dog, and monkey urine after intravenous administration, indicating significant renal elimination in all species examined. The hydroxylation of saxagliptin to form M2 was the major metabolic pathway in all of the species tested. This metabolite was pharmacologically active and was observed to circulate in plasma at significant levels in all species. Taken together, the preclinical pharmacokinetic parameters as well as safety and efficacy results led to the selection of saxagliptin for clinical development. As a result of the dual elimination pathways (metabolic and renal) of saxagliptin, scaling methods based on preclinical in vivo data (instead of in vitro metabolic clearance) were used to predict human plasma clearance. Simple allometric scaling is more successful in the prediction of human clearance for compounds that show similar interspecies hepatic clearance, for which the allometric exponent, b, is in the range of 0.55 to 0.71, but tends to under-or overpredict if the b value is less than or greater than this range [rule of exponents (ROE)] (Mahmood and Balian, 1996) . For saxagliptin, the exponent, b, was 0.35, and hence based on the ROE, the clearance value (3.4 ml/min/kg) predicted using simple allometry is expected to underpredict the human clearance value for the compound. Correction with empirical correction factors such as maximum life span or brain weight would not have been useful according to the ROE with such a value of b (Mahmood and Balian, 1996) .
On the other hand, in rat, dog, and monkey, renal clearance is approximately 33 to 60% of the total clearance of saxagliptin. Allometric scaling of these renal clearance values resulted in human renal clearance of ϳ1.9 ml/min/kg. This value is expected to reflect the actual human renal clearance value, as renal clearance is considered to be fairly scalable across species. In fact, consistent with this assertion, the predicted oral renal clearance (ϳ2.8 ml/min/kg) was found to be similar to the actual oral renal clearance (ϳ2.5 ml/min/kg) observed in humans. However, hepatic clearance is also considered to contribute significantly (ϳ40 -67%) to the total clearance of saxagliptin (assuming that liver and kidney are the major organs of elimination) in the three species tested. As described above, simple allometry does not work well for compounds such as saxagliptin that show substantial interspecies difference in hepatic clearance.
Volume of distribution values are usually fairly scalable across animal species based on body weight, with the b value of the allometric exponent approaching unity. However, the exponent b (0.66) for saxagliptin is on the low side; hence, the allometry method may have underestimated the actual V ss value.
Consequently, saxagliptin human CL and V ss values were further assessed using the human intravenous concentration-time profile predicted by the SIT method. The CL (11.5 ml/min/kg) and V ss (ϳ2.7 l/kg) values obtained by this method were significantly higher than those obtained from simple allometry. The SIT method was based on the concept of physiological time and on the assumption that the human concentration-time profile can be generated from the transformed chronological time units with the power functions obtained from the simultaneous fitting of animal concentration-time profiles. The SIT method is considered to take into account the variations in biological structure and metabolic rates across various species and thus is assumed to show improvement in the prediction of human pharmacokinetics (Boxenbaum and Ronfeld, 1983; Mohammed and Yuan, 1999) .
The human CL and V ss values predicted by the SIT method suggest moderate plasma clearance and significant extravascular distribution in humans. The apparent human oral clearance projected for saxagliptin using the predicted bioavailability (67%) and human CL values obtained by the SIT method was very close to the actual value. The human CL/F predicted using the CL value from the simple allometry was significantly lower. Consistent with these data, the predicted human oral concentration-time profile (AUC, C max , C min , and t 1/2 ) using the SIT method was similar to that observed in human as shown in Fig. 3 and Table 7 .
In humans, consistent with the observations in preclinical species, both renal excretion and metabolism were the major elimination pathways for saxagliptin. The compound had an apparent oral plasma elimination half-life of ϳ2 to 2.8 h (Table 3) in humans, similar to that predicted by the SIT method (ϳ2.7 h). The formation of M2 was also the major metabolic pathway in humans. This metabolite circulates in human plasma at significant levels similar to those observed in preclinical species.
Saxagliptin has a plasma pharmacokinetic half-life of 2 to 5 h in multiple species including humans. However, saxagliptin has demonstrated robust efficacy in clinical trials as well as in preclinical animal testing at relatively low doses after once-daily dosing. There are a number of factors that could contribute to the sustained duration of pharmacological action of saxagliptin. First, there is likely to be a contribution from an active metabolite, M2, to the overall efficacy of the compound. This metabolite, which is also a potent and specific inhibitor of DPP4, circulates in significant concentrations in human plasma (Table 3) . Second, both saxagliptin and M2 display prolonged binding to the catalytic site of DPP4 (Kirby et al., 2008; Metzler et al., 2008) . The extended rate of dissociation of saxagliptin and M2 from the DPP4 active site would be expected to give hysteresis between plasma concentration and DPP4 inhibition, which has been observed in animal models and humans, providing a longer pharmacodynamic half-life than pharmacokinetic half-life for the compound. For example, the trough concentration (C 24 h ) (ϳ0.5 nM, projected) for saxagliptin at a 5-mg once daily oral dose was less than its K i (1.3 nM) for DPP4 inhibition (the C 24 h in the actual clinical samples was below the limit of quantification). Conversely, the trough concentration of sitagliptin (another DPP4 inhibitor currently in clinical use), which does not show extended binding to DPP4 (Kirby et al., 2008) in humans is 6-fold above its DPP4 K i value at the dose (100 mg) that gives dmd.aspetjournals.org equivalent efficacy to saxagliptin at 5 mg (Herman et al., 2005; Rosenstock et al., 2008) .
Finally, the extravascular distribution of saxagliptin and its active metabolite to the intestinal tissues (proposed major site of pharmacological action) as demonstrated in this study could also play a significant role in its extended therapeutic effect. One of the hypotheses for the mechanism of action of incretins, in addition to the effect they elicit after reaching the general circulation, is that after release from L cells, incretins activate afferent sensory nerve fibers arising from the nodose ganglion in the intestinal interstitium (Holst and Deacon, 2005) . In this hypothesis, DPP4 within the interstitium would be important for regulating the neuron loopmediated release of insulin from the pancreas. This suggests that at least part of the high glycemic efficacy and potent modulation of key hormones by saxagliptin in humans may be due to its extravascular uptake and localization in the intestinal tissues. This assertion would thus predict the dissociation between inhibition of plasma DPP4 activity and glucose lowering for compounds that had extravascular uptake into the intestinal tissues, when comparing plasma DPP4 inhibition at trough across similar clinical trials with equivalent maximal glucose-lowering efficacy.
In conclusion, the objective of the preclinical animal studies was to use an adequate group size to be able to make a reasonable early estimate of saxagliptin human pharmacokinetics and was not meant to capture interindividual variability characteristics. As such, the mean data were presented here and were used fairly well for the prediction of the pharmacokinetics of saxagliptin in humans. The data from the preclinical studies showed that saxagliptin has a desirable pharmacokinetic profile with good oral bioavailability and low plasma protein binding and thus was an attractive candidate for further development. The compound is currently in latestage clinical development and has displayed robust antidiabetic activity (Rosenstock et al., 2008) . As demonstrated in this study, the compound has very good distribution into tissues and was found at high concentrations in intestinal tissues relative to plasma. This finding also suggests that local concentration of drug in the intestine as well as inhibition of DPP4 in the plasma may be important in driving overall efficacy.
